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D[LV IODQN PLOOLQJ WRRO SDWK LV JHQHUDWHG E\ FRQVLGHULQJ WKH G\QDPLF FKDUDFWHULVWLFV RI PDFKLQH WRRO DQG WKHPLOOLQJ IRUFH FRQVWUDLQW 7KH















SDUW KDV DOPRVW WZR KXQGUHG FRUQHUV $QG VRPH IODQNV DUH
UXOHG VXUIDFH %HFDXVH RI LWV FRPSOH[ VKDSH DQG KLJK
DFFXUDF\UHTXLUHPHQWILYHD[LVIODQNPLOOLQJLVRIWHQXVHGIRU
FRUQHUPDFKLQLQJ
'XULQJ WKH FRUQHU PDFKLQLQJ SURFHVV RI D[LV IODQN
PLOOLQJ WKH PXWDWLRQDO WRRO RULHQWDWLRQV DQG VKDUS SRLQWV RI
WRRO SDWKPD\ UHVXOW LQ GUDPDWLF FKDQJHRIPDFKLQLQJZLGWK
DQG FXWWLQJ IRUFH ZKLFK FDQ OHDG WR VHYHUH YLEUDWLRQ RI
FXWWLQJWRRODQGPDFKLQHWRRODIIHFWWKHPDFKLQLQJTXDOLW\RI
ZRUNSLHFH RU HYHQ UHVXOW LQ WKH VFUDSSLQJ RI SDUWV >@
HVSHFLDOO\ IRUGLIILFXOWWRPDFKLQHPDWHULDOV VXFKDV WLWDQLXP
DOOR\ ,Q DGGLWLRQ WKH UDSLG FKDQJH RI WKH FXUYDWXUH RI WRRO
SDWK FXUYH UHTXLUHV KLJKHU SHUIRUPDQFH LQ G\QDPLF
FKDUDFWHULVWLFV RI PDFKLQH WRRO 2QFH WKH G\QDPLF
FKDUDFWHULVWLFVRIPDFKLQHWRROFDQQRWPHHWUHTXLUHPHQWVWKH
PDFKLQLQJTXDOLW\SUHFLVLRQDQGHIILFLHQF\RIZRUNSLHFHZLOO
EH DIIHFWHG >@ 3URSHU WRRO SDWKV RSWLPL]DWLRQ DWWULEXWH WR
PDFKLQLQJTXDOLW\%\FRQVLGHULQJWKHFRQVWUDLQWVRIG\QDPLF
FKDUDFWHULVWLFV RI PDFKLQH WRRO DQG FXWWLQJ IRUFH WKH
PDFKLQLQJ SURFHVV FDQ EH PRUH VWDEOH DQG WKH PDFKLQLQJ
TXDOLW\DQGSURGXFWFRUUHFWUDWHZLOOEHLPSURYHG
,QRUGHUWRLPSURYHWKHPDFKLQLQJTXDOLW\RIIODQNPLOOLQJ
WKH UHVHDUFK FRPPXQLWLHV KDYH PDGH PDQ\ HIIRUWV PDLQO\
GLYLGHGLQWRWZRDVSHFWV
7R UHGXFLQJ WKHFXWWLQJ IRUFH&KR\HW DO >@SUHVHQWHGD
FRUQHUORRSLQJEDVHGWRROSDWKIRUSRFNHWPLOOLQJ5DKPDQHW
DO>@SURSRVHGDWRROSDWKJHQHUDWLRQPHWKRGE\DFRQVWUDLQW
RI FXWWLQJ ZLGWK DQG IHHG VSHHG *DR HW DO >@ SURSRVHG D
FRUQHUPDFKLQLQJVWUDWHJ\ZLWKFRQVWDQWFRQWDFWFXWWLQJDQJOH
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the scientifi c committee of the 5th CIRP Global Web Conference Research and Innovation for Future Production
156   Wenyao Shao et al. /  Procedia CIRP  56 ( 2016 )  155 – 160 
.LP >@ SUHVHQWHG DQ RSWLPL]HG WRRO SDWK VWUDWHJ\
UHVSHFWLYHO\ IRU WKH FRQYHQWLRQDO WRRO SDWK DQG GLUHFWLRQ
SDUDOOHO SDWK ZKLFK PDLQWDLQHG D FRQVWDQW PDWHULDO UHPRYDO
UDWH 7KH VWXGLHV DERYH SURSRVHG PHWKRGV WR UHGXFH WKH
PLOOLQJ IRUFH RI FRUQHU +RZHYHU ZLWKRXW FRQVLGHULQJ WKH
G\QDPLF FKDUDFWHULVWLFV RI PDFKLQH WRRO WKH FXUYDWXUHV RI
WKRVHWRROSDWKVDUHQRWFRQWLQXRXV6XLHWDO>@LQWURGXFHGD
FRPELQDWLRQ VWUDWHJ\ RI FRUQHUORRSLQJ PLOOLQJ DQG FORWKRLG
FXUYH WUDQVLWLRQ ZKLFK FRQVLGHULQJ WKH PLOOLQJ IRUFH DQG
G\QDPLF FKDUDFWHULVWLFV RI PDFKLQH WRRO %XW WKH PHWKRG LV
QRWVXLWDEOHIRUILYHD[LVPLOOLQJ




PLQLPL]HG JHRPHWULFDO GHYLDWLRQV RQ WKH PDFKLQHG VXUIDFH
=KX HW DO >@ SURSRVHG D JOREDO RSWLPL]DWLRQ PHWKRG IRU
ILYHD[LV IODQN PLOOLQJ WRRO SDWK E\ XVLQJ WKH GLVWDQFH
IXQFWLRQ *RQJ HW DO >@SURSRVHG D PHWKRG UHGXFH WKH
PDFKLQLQJ HUURU E\ FRQVWUDLQWV RI WDQJHQWLDO DQJOH DQG
PLQLPXPHUURU'DLHWDO>@FDOFXODWHGWKHLQWLDOWRROSDWKV
E\ D NLQG RI QXPHULFDO PHWKRGV &DVWDJQHWWL HW DO
>@LPSURYHG WKH NLQHPDWLF EHKDYLRXU RI PDFKLQH WRROV
GXULQJ PLOOLQJ XVLQJ WKH 'RPDLQ RI $GPLVVLEOH 2ULHQWDWLRQ
'$2FRQFHSW:DQJHWDO>@SURSRVHGDQRSWLPDOPHWKRG
WKDW JXDUDQWHHV DQ LQWHUIHUHQFHIUHH FXUUHQW WRRO SDWK DVZHOO
DVWKHVPDOOHVWFKDQJHEHWZHHQDGMDFHQWWRRORULHQWDWLRQV7KH
VWXGLHV DERYH SURSRVHG PHWKRGV WR VPRRWK WRRO WUDMHFWRULHV
DQG WRRO RULHQWDWLRQV +RZHYHU WKH UHPDLQLQJ PDWHULDOV
GLVWULEXWHXQHYHQO\LQWKHFRUQHU:KLOHWKHILYHD[LVWRROSDWK
LV * FRQWLQXRXV WKH XQVWDEOH PLOOLQJ IRUFH PD\ OHDG WR
VHYHUHYLEUDWLRQRIPDFKLQHWRRO
7RDGGUHVVWKLVSUREOHPDWRROSDWKJHQHUDWLRQPHWKRGIRU
ILYHD[LV IODQN PLOOLQJ RI FRUQHU LV SUHVHQWHG LQ WKLV SDSHU









,QRUGHU WRDYRLG WKHJUHDWFKDQJHRIFXWWLQJ IRUFHGXULQJ
WKH FRUQHU IODQN PDFKLQLQJ SURFHVV DQG WR GHFUHDVH WKH
YLEUDWLRQ RI FXWWLQJ WRRO DQG PDFKLQH WRRO FDXVHG E\ WKH
FKDQJLQJ FXUYDWXUH RI WRRO SDWK D WRRO SDWK JHQHUDWLRQ
DOJRULWKP XVLQJ WKH FRPELQDWLRQ VWUDWHJ\ RI FRUQHUORRSLQJ





DFFRUGLQJ WR WKH SDUW PRGHO DQG URXJKLQJ LQIRUPDWLRQ
6HFRQGO\RSWLPL]HWKHWRROWUDMHFWRU\EDVHGRQFORWKRLGFXUYH
DQG PLOOLQJ IRUFH FRQVWUDLQW $QG WKHQ WKH WRRO RULHQWDWLRQ








7KH ILYHD[LV WRRO SDWK LV XVXDOO\ GHVFULEHG E\ WZR
WUDMHFWRULHV2QH WUDMHFWRU\ GHVFULEHV WKH SRVLWLRQ RI WKH WRRO
WLS SRLQW $QG WKH RWKHU RQH GHVFULEHV WKH SRVLWLRQ RI WKH
VHFRQGSRLQW RQ WKH WRRO D[LV$QG WKH\ DUH JHQHUDWHGEDVHG
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RQFRQVWUDLQWVRIG\QDPLFFKDUDFWHULVWLFVRIPDFKLQHWRRODQG





WRRO LQIRUPDWLRQ DQG URXJKLQJ WRRO SDWK 7KH URXJKLQJ
DOORZDQFH IRUFRUQHU LVVKRZQLQ)LJ7KHFLUFOHFHQWHURI
WKH FRUQHU DOORZDQFH LV XVHG DV WKH RULJLQ WR FRQVWUXFW ORFDO
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:KHUH WKHSDUDPHWHUș LV WKHDQJOHRI WKHFRUQHU DQG WKH
QRWDWLRQ5GUHSUHVHQWVWKHUDGLXVRIWKHDOORZDQFHFLUFOH54
ZKLFKLVHTXDOWRWKHVXPRIFRUQHUWRROSDWKUDGLXV5SDQGWKH










7KH YDOXH RI MHUNGHWHUPLQHV WKH FKDQJLQJ VSHHG RI WKH WRRO
SDWKFXUYDWXUH&RQVLGHULQJWKHG\QDPLFFKDUDFWHULVWLFVRIWKH
1& PDFKLQH DQG WR NHHS WKH MHUN DW D PLQLPXP YDOXH DV
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
$FFRUGLQJWRWKHGHILQLWLRQWKHFXUYDWXUHRIFORWKRLGFXUYH
FKDQJHV XQLIRUPO\ ZLWK LWV OHQJWK $QG WKH FRUQHUORRSLQJ
VWUDWHJ\ FDQ UHGXFH WKH PLOOLQJ IRUFH LQ WKH FRUQHU 6R D
FRPELQDWLRQ VWUDWHJ\ RI FRUQHUORRSLQJ PLOOLQJ DQG FORWKRLG
FXUYHWUDQVLWLRQZLOOEHDGRSWHGLQWKHFRUQHUWRJXDUDQWHHWKH
FRQWLQXLW\ RI WRRO SDWK FXUYDWXUH DQG WKH VWDELOLW\ RIPLOOLQJ
IRUFH DQG GHFUHDVH WKH YLEUDWLRQ RIPDFKLQH WRRO GXULQJ WKH
SURFHVV RI PDFKLQLQJ 7ZR WUDMHFWRULHV GHVFULELQJ WKH ILYH
D[LV WRROSDWKFDQEHJHQHUDWHG WKURXJKVLPLODUPHWKRG7KH
JHQHUDWLRQPHWKRGLVVKRZQDVIROORZ
$V VKRZQ LQ WKH ILJ  WKH ILUVW OD\HU RI WRRO WUDMHFWRU\
FRQVLVWVRI OLQH DUFDQGFORWKRLGFXUYH$%DQG&'DUH WZR
FORWKRLGFXUYHV%&LVDVHJPHQWRIFLUFXODUDUF$'DUHWKH
VWDUW SRLQWV RI FORWKRLG FXUYH DQG EXLOG ORFDO FRRUGLQDWHV
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:KHUH WKH SDUDPHWHU O UHSUHVHQWV WKH DUF OHQJWK IURP












:KHUH WKH SDUDPHWHUV U DQG U DUH WKH FXUYDWXUHV RI





7R JXDUDQWHH WKH * FRQWLQXLW\ RI WRRO WUDMHFWRU\ WKH
FXUYHV VKRXOG VKDUH D FRPPRQ WDQJHQW GLUHFWLRQ DQG D
FRPPRQ FHQWHU RI FXUYDWXUH DW WKH MRLQ SRLQWV % & 6R WKH
MRLQ SRLQWV%& RI DUF DQG FORWKRLG FXUYH FDQ EH JHQHUDWHG
WKURXJKIRUPXOD














































WKH OHQJWKRI FORWKRLG FXUYH UHVSHFWLYHO\7KH V\PEROV;<
; DQG < DUH WKH FRRUGLQDWH RI FRQQHFWLRQ SRLQW DQG WKH
FHQWHU SRLQW RI WKH VROYLQJ DUF 7KH FKDUDFWHU ȕ LV WKH
LQWHUVHFWLRQ DQJOH EHWZHHQ WDQJHQW YHFWRUV RI FORWKRLG FXUYH
DW WKHVWDUWDQGHQGSRLQW)LQDOO\ WKHSDUDPHWHUVNDQG WDUH
FRQVWDQWVIRUDQJXODUELVHFWRURIFRUQHU
7KH PD[LPXP FXWWLQJ IRUFH QHHGV WR EH YHULILHG IRU WKH
VHULHV RI FORWKRLG FXUYHV DQG DUFV 7KH YHULILFDWLRQ PHWKRG
KDVEHHQGHVFULEHGLQWKHWKHVLV>@$IWHUWKH$%&''()$
LV JHQHUDWHG WR IRUPD ORRSLQJ FXUYH1RWPRYLQJPDWHULDOV
'()$XVXDOO\KDVDKLJK IHHG VSHHG7RDYRLG WKHYLEUDWLRQ
RI PDFKLQH WRRO '( DQG )$ DUH D SDLU RI FORWKRLG FXUYHV
UHVSHFWLYHO\ $QG () LV D VLQJOH OLQH FRQQHFWLQJ FORWKRLG





7KH JHQHUDWLRQ PHWKRG RI WKH RWKHU WRRO WUDMHFWRU\ KDV D
VPDOO GLIIHUHQFH ,QVWHDG RI WKH PLOOLQJ IRUFH WKH RWKHU WRRO
WUDMHFWRU\ LV OD\HUHG EDVHG RQ WKH OD\HULQJ QXPEHU RI WKH
EHIRUHRQH)URPWKHURXJKLQJDOORZDQFHLQIRUPDWLRQPRGHO
ZH FDQ NQRZ WKDW İ LV ELJJHU WKDQ İ 6R WKH WRS WUDMHFWRU\
VKRXOG EH JHQHUDWHG DW ILUVW WR JXDUDQWHH WKH PLOOLQJ IRUFH
VPDOOHU WKDQ WKH OLPLW DOO WKHZD\7KH ILYHD[LV WRROSDWKRI
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$V VKRZQ LQ WKH ILJ  WKH FKDQJH RI DGMDFHQW WRRO
RULHQWDWLRQLVDSSUR[LPDWHO\UHSUHVHQWHGDV
WWWW 3344W9    








DFFRUGLQJ WR LWV DUF OHQJWK DQG LW FDQ JHW GLVFUHWH FXWWLQJ
ORFDWLRQSRLQWV FRUUHVSRQGLQJ WRSDUDPHWHU WERWWRP7RJHW WKH
RULHQWDWLRQRIWRRO WKHVHFRQGSRLQWRQWKH WRROD[LVPXVWEH
JRW WRR 7KH WRS WUDMHFWRU\ IRU WKH WRRO WLS PRYHPHQW LV
SDUDPHWHUL]HG DFFRUGLQJ WR IRUPXOD  DQG WKH SDUDPHWHU
















$V VKRZQ LQ)LJ  D FRUQHUPRGHO RI SRFNHW RQ DLUFUDIW
VWUXFWXUDO SDUWZLWK UXOHG VXUIDFHV LV XVHG DV DQ H[DPSOH IRU
VLPXODWHG H[SHULPHQW WR YHULI\ WKH DSSOLFDELOLW\ RI WKH
SURSRVHG WRROSDWK7KH IODQNVRIFRUQHUPRGHODUH WLWOHG ,Q
WKH )LJ  WKH WRRO SDWK RI FRUQHU LV JHQHUDWHG EDVHG RQ WKH
PHWKRGLQWKLVSDSHU7KHDQDO\VLVUHVXOWRIWKHILUVWOD\HUWRRO
















FRPELQDWLRQ VWUDWHJ\ RI FRUQHUORRSLQJ PLOOLQJ DQG FORWKRLG
FXUYH LV SURSRVHG 7KH UHPDLQLQJ PDWHULDOV GLVWULEXWH
XQHYHQO\LQWKHFRUQHU$QGWKHFXWWLQJIRUFHLVFRQVWUDLQHGE\
OLPLWLQJ WKHFXWWLQJZLGWKGXULQJ WKHPDFKLQLQJSURFHVV DQG
WKH FKDQJH RI WRRO SDWK FXUYH FXUYDWXUH LV VDWLVILHGZLWK WKH
G\QDPLF FKDUDFWHULVWLFV RI PDFKLQH WRRO E\ XVLQJ FORWKRLG
FXUYH
$OWKRXJKVRPHSURPLVLQJUHVXOWVKDYHEHHQREWDLQHGWKHUH
LV VWLOOPXFKZRUN UHTXLUHG WR EH UHVHDUFKHG IXUWKHUPRUH ,Q
WKLVSDSHUWKHWRRORULHQWDWLRQLVRSWLPL]HGE\PLQLPL]LQJWKH
FKDQJH RI DGMDFHQW WRRO RULHQWDWLRQ7KH H[SOLFLW FRUUHODWLRQV





7KH UHVXOWV SUHVHQWHG LQ WKLV SDSHU ZHUH RXWFRPH RI WKH
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